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A universal principle for a rational design of
single-atom electrocatalysts

Haoxiang Xu', Daojian Cheng ©®'?*, Dapeng Cao®"?* and Xiao Cheng Zeng ®'3*

Developing highly active single-atom catalysts for electrochemical reactions is a key to future renewable energy technology.
Here we present a universal design principle to evaluate the activity of graphene-based single-atom catalysts towards the oxy-
gen reduction, oxygen evolution and hydrogen evolution reactions. Our results indicate that the catalytic activity of single-atom
catalysts is highly correlated with the local environment of the metal centre, namely its coordination number and electronega-
tivity and the electronegativity of the nearest neighbour atoms, validated by available experimental data. More importantly,
we reveal that this design principle can be extended to metal-macrocycle complexes. The principle not only offers a strategy to
design highly active nonprecious metal single-atom catalysts with specific active centres, for example, Fe-pyridine/pyrrole-N,
for the oxygen reduction reaction; Co-pyrrole-N, for the oxygen evolution reaction; and Mn-pyrrole-N, for the hydrogen evolu-
tion reaction to replace precious Pt/Ir/Ru-based catalysts, but also suggests that macrocyclic metal complexes could be used

as an alternative to graphene-based single-atom catalysts.

trolysers, metal-air batteries and fuel cells, have attracted exten-

sive interests due to their merits of clean and sustainable ways
in producing or consuming molecular hydrogen (H,), an alternative
energy source to fossil fuels'. In these renewable energy technolo-
gies, precious-metal-group (PMG) materials (for example, platinum
and noble metal oxides) are commonly utilized as state-of-the-art
electrocatalysts>’ for the oxygen reduction reaction (ORR), oxygen
evolution reaction (OER) and hydrogen evolution reaction (HER).
However, the high cost and scarcity of PMG materials limit their
large-scale and sustainable applications®. Apart from developing
metal-free catalysts’, alloying with cheaper elements is one strategy
to lower the cost and enhance the performance of PMG catalysts®.
In addition, PMG materials are generally downsized to provide the
highest number of active sites in the catalyst and achieve the maxi-
mum utilization efficiency. Single-atom catalysts (SAC), which rep-
resent the lowest size for a metal catalyst, have recently emerged as
a new research frontier in catalysis”®.

Recently, so-called M-N-C-based SACs, where M-N-C refers
to as the trace metal (M, typically cost-effective transition metals,
such as Fe, Co or Ni) and nitrogen (N) co-doped on the graphene
support (C), have been widely considered as promising substitutes
for PMG electrocatalysts’”. SAC-like metal-macrocycle complexes
have also been reported as excellent molecular electrocatalysts
with similar active sites as those in SACs on graphene'®”. A major
advantage of the metal-macrocyclic molecule combination is that
the metal atom is embedded in the same molecular support with
an identical local coordination environment, compared with the
diverse local coordination environments simultaneously found for
a given SAC on graphene. Such SAC-like metal-macrocycle com-
plexes can overcome the tendency toward the formation of crystal-
line particles and amorphous carbon**?', which could occur during
the synthesis through pyrolysis of M-N-C-based SACs on carbon
support’>*. Although graphene-supported SACs have demonstrated

| nergy conversion and storage technologies, such as water elec-

superior electrocatalytic activities, trial-and-error approaches are
still a common practice to search for highly efficient catalysts in the
laboratory, largely due to the lack of a universal design principle to
guide the search. To achieve a rational design of optimal catalysts,
it is important to identify the characteristics of the active site. Most
recently, several theoretical models have been reported to correlate
the catalytic activity of electrocatalysts with some of their proper-
ties, such as the adsorption strength of reaction intermediates (H*,
OH*, O* and OOH*)**, the location of the d-band centre for transi-
tion-metal alloys®, the valence band for non-metallic carbon mate-
rials*, the e, filling for perovskites”, the density of coordinatively
unsaturated metal centres for transition-metal oxides* and the gen-
eralized coordination for metallic catalysts*’. However, a universal
design principle is still lacking to provide a universal description of
the relationship between intrinsic properties of the active centre and
the catalytic activity of supported SACs.

Here we present a universal design principle that can be used
for the rational design of SACs toward highly efficient and cost-
effective electrocatalysts, and further reveal that the local structural
and chemical environment of the active centres can serve as a uni-
versal descriptor to predict the ORR/OER/HER activities for gra-
phene-based SACs. Moreover, the identified descriptor is validated
by available experimental data. We also demonstrate that the newly
identified universal descriptor can be extended to describe SAC-like
metal-macrocycle complexes, and that both types of SAC can give
rise to the same activity trends.

Results

Calculated electrocatalytic activity. Many previous experimental
studies and theoretical simulations have shown that the realistic
active sites of SACs supported on graphene are actually isolated
metal atoms coordinated by pyridine/pyrrole nitrogen atoms, car-
bon atoms or hybrid of C and N (refs *>*~*?). Based on these previ-
ous studies, we constructed a total of 112 SACs models, in which
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Fig. 1| Schematic of a single TM atom supported on graphene with
different coordination environments. a, Single vacancy with three carbon
atoms (SV-C,). b, Double vacancy with four carbon atoms (DV-C,). ¢,
Four pyridine nitrogen atoms (pyridine-N,). d, Four pyrrole nitrogen atoms
(pyrrole-N,). The green, blue and grey colours represent TM, N and C
atoms, respectively. The unit cells are marked in red.

3d, 4d and 5d single transition-metal (TM) atoms are doped in a
graphene sheet with different coordination environments, includ-
ing (1) a single vacancy with three carbon neighbours (SV-C,, Fig.
1a), (2) a double vacancy with four carbon neighbours (DV-C,, Fig.
1b), (3) four pyridine nitrogen atoms (pyridine-N,, Fig. 1¢) and (4)
four pyrrole nitrogen atoms (pyrrole-N,, Fig. 1d).

According to the typical experimental electrocatalytic condi-
tions for SACs supported on graphene, we first evaluated ORR and
OER performance in an alkaline electrolyte and HER performance
in an acidic electrolyte (computational details and results are given
in Methods and Supplementary Tables 1-6). The free-energy dia-
gram for the ideal ORR or OER catalyst is shown in Supplementary
Fig. 1a,b. To facilitate O, reduction at the equilibrium potential,
the reaction free energies of all four proton-transfer steps should
be the same (4.92V/4=1.23 V versus reversible hydrogen electrode
(RHE)) at zero potential for an ideal catalyst. In other words, all
reaction free energies should be zero when the onset potential equals
the equilibrium potential, 1.23 V. As shown in Supplementary Fig.
2, the overall HER mechanism is evaluated by a three-state diagram
consisting of an initial H* state, an intermediate H* state and 1/2H,
as the final product. The ideal catalyst for HER has zero AG;;. to
achieve zero overpotential 7, since the adsorbed H can be as stable
as solvated proton and gas-phase hydrogen at zero potential (equi-
librium potential).

The computed free-energy diagrams for the ORR on the
Pt(111) surface (a widely used theoretical model for commercial
Pt/C) are shown in Supplementary Table 7 and Supplementary
Fig. 1c. All elementary steps proceed spontaneously at zero poten-
tial relative to the RHE (Ug =0V) from the viewpoint of ther-
modynamics, since all electron transfer steps are exergonic (A
G <0). When the output potential increases to Ugy; =0.80V, the
free energy of the last electron-transfer step becomes zero while
the other steps remain downhill, indicating that ORR cannot pro-
ceed spontaneously for Uy;;;;> 0.80 V because the last step becomes
endergonic (AG>0). Hence, Upy;=0.80V is the onset potential
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(UREEh for the ORR on Pt(111) (Supplementary Table 8). The free-
energy diagrams of OER on IrO,(110) (the common theoretical
model for commercial IrO,) are shown in Supplementary Table 7
and Supplementary Fig. 1d. It can be seen that at Uy;;=0V all
the elementary steps are uphill. OER can only proceed sponta-
neously as the potential increases above the onset potential (for
Urye > 1.88 V), because all electron-transfer steps are exergonic (A
G<0). Therefore, Upy;=1.88V is the onset potential (Ugpg') for
the OER on IrO,(110) (Supplementary Table 8).

According to a previous definition®, the lower the absolute devi-
ation between Ugrss' and equilibrium potential (Ugy, 1.23V), the
higher the ORR and OER electrocatalytic performance. As shown in
Supplementary Fig. 2, a more desirable catalyst than Pt(111) would
have free energy for H adsorption (AGy.) closer to zero to compro-
mise the reaction barriers of the hydrogen adsorption and desorp-
tion steps to achieve less overpotential (57) for HER than Pt(111)
(Supplementary Table 8). We calculated the reaction free energy
for each elementary step (Supplementary Tables 9-12) of ORR and
OER. Supplementary Figs. 3-14 show the free-energy diagrams
of ORR, OER and HER on all SAC models at zero potential, from
which the Uiy for ORR and OER and the 7 for HER can be calcu-
lated. The results are listed in Supplementary Tables 13-16. Apart
from electrocatalytic performance, we also examined the stability
of the SACs against either metal atom aggregation or metal being
leached, on a theoretical level, to confirm that the predicted cata-
lysts are experimentally feasible (computational details and results
are given in Methods and Supplementary Table 17, respectively).

Adsorption-activity relationships. Insights into distinct ORR,
OER and HER performance with different SACs can guide the
design of better electrocatalysts. As shown in Supplementary
Methods, the reaction free energy of each elementary step is deter-
mined by the adsorption free energies of the reaction intermediates
OH*, O*, OOH* and H*. In other words, the diverse ORR, OER
and HER performance stems from different binding strengths of
the adsorption species on different catalysts. Therefore, it is crucial
to identify the relationship between the adsorption free energies of
reaction intermediates and catalytic activity for rational search of
more-effective catalysts. In Fig. 2a, the calculated adsorption free
energy for OOH* and O* (AGgoy- and AG,,.) is plotted versus that
for OH* (AG,y;.) on all SACs. The following linear relationships can
be fitted from the data points through linear regression:

AG oo =0.92 X AG o+ 3.14 (1)
AG o= 1.87X AG o+ + 0.22 (forAG oy > —0.7¢V) )
AG o= —1.59 X AG +—2.30 (forAG o < —0.7€V) 3)

The data points of AGy. versus AGy- can be nicely correlated by
the fitted line whose slope and intercept are very similar to those mea-
sured with the metal-based material surfaces***. The data points of A
G- versus AGy. exhibit a piecewise relationship. For metal elements
from the VIB group to the IIB group (AGqy.>—0.7eV), the linear
section has similar slope and intercept as those reported in previous
theoretical works®***, while the other linear section (AGg;;. < —0.7€V)
displays different relation between AG,. and AGy. for metal atoms
from group IIIB to group VB. Such a piecewise relationship has also
been seen for O, adsorption on metal-doped graphene®. According
to the relationships between AGqoyy» AGo. and AGy,. given above, A
Goy- can be considered as the only independent variable to describe
the U™ for ORR and OER in all SAC systems. According to the rela-
tionship between 7" and AGy;. shown in Supplementary Fig. 2, the
overpotentials of HER can be described only by AGy,..
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Fig. 2 | Adsorption free energies of adsorbates and electrocatalytic activity as a function of AG,,. and AGy,.. a, Adsorption free energies of OOH and O
versus that of OH on all single TM atoms supported on graphene. b, ORR theoretical onset potential versus adsorption free energies AGg,,. on all single TM
atoms supported on graphene. ¢, OER theoretical onset potential versus adsorption free energies AGg,,. on all single TM atoms supported on graphene.

d, HER theoretical overpotential versus adsorption free energies AG,. on all single TM atoms supported on graphene. The theoretical onset potential of
Pt(111) for ORR and IrO,(110) for OER and overpotential of Pt(111) for HER are also plotted in b-d.

With the established activity indicators (AGgy. and AGy,.) for
ORR, OER and HER, the plotted theoretical U™ versus AGgy., and
n"ER versus AGy;. for all single TM atoms supported on graphene
exhibit universal volcano relationships (see Fig. 2b-d). As shown
in Supplementary Tables 9-12, the potential-determining step in
ORR can either be protonation of O, to OOH* or the desorption
of OH* to OH". Based on the expression of AG,/AG, (equations
(24) and (27)) containing AGqoy- and AGgy., and the linear rela-
tion between AGgoy- and AGgyy., both legs of the volcano shown
in Fig. 2b are linear. In OER, the potential-determining steps can
be either the formation of O* from OH* or the transformation of
O* to OOH*. Based on the expression of AG,/AG, (equations (30)
and (31)) consisting of AGgoy.» AGo- and AGyy., and the piecewise
relationship between AG. and AGy., one of the legs of volcano is
piecewise linear in Fig. 2c. Combined with Fig. 2b,c, when AG,. is
less than 1eV, both U for the ORR and OER are in the left branch
of the volcano plot, indicating that the performance of both reac-
tions is enhanced with weaker OH* adsorption. In contrast, when
AGgy. is greater than 1.5eV, both U™ for the ORR and OER are
in the right branch of the volcano plot, indicating better perfor-
mance with stronger OH* adsorption. In the zone between 1 and
1.5eV, U for ORR and U°™ for OER decrease or increase simu-
taneously. Hence, in this zone, SACs with both optimal ORR and
ORE cannot be met, suggesting that a performance ceiling exists for
single TM atoms supported on graphene (serving as bifunctional
oxygen electrodes). Nevertheless, it is worth mentioning that for a
material with appropriate OH* adsorption strength within 1-1.5¢eV,
such as Co-pyridine-N,, it would still give outstanding bifunctional
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performance for ORR and OER. In Fig. 2d, the volcano relation-
ship between #"*® and AGy. agrees with previous theoretical works
in which AGy. can be considered as a useful descriptor for HER
catalytic activity”. Either H binding to the surface that is too weak
(H* cannot be captured from the dissolved phase) or H binding that
is too strong (gaseous H, will have difficulty to leave the surface)
would restrain the HER activity ("** being away from zero).

Universal descriptor. Although the adsorption free energies of
intermediates (AGgy. and AGy.) exhibit correlation with the ORR,
OER and HER activity, the intrinsic characteristics of the active cen-
tre that dominates the adsorbate binding strength is uncertain. In
fact, it is impractical to directly engineer the catalytic centre to tune
AGqy. or AGy,. towards the optimal values through the adsorption—
activity relationship. Also, tailoring the adsorption energy of inter-
mediates to achieve desirable activity is highly unrealistic in experi-
ments, due to the challenge in directly measuring the adsorption
properties of the intermediates in the electrocatalysis condition®.
Thus, the descriptors of AGyy. and AGy. are inconvenient for the
purpose of fast-scan/estimation, and they lack the predictive power
to guide the rational design of new catalysts. Therefore, it is impor-
tant to identify intrinsic properties of the catalytic centre, which are
readily accessible in the laboratory, to adjust the adsorption energy
of intermediates and activity.

Here, we focus on the valence electrons in the occupied d orbital
of the metal element (6,) derived from the periodic table. We first
plot AGg,;- and AGy;. versus 6, respectively, by considering the fact
that electrons in the occupied d orbital of metal have been proven
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as a significant factor for the adsorption strength®. However, as
seen in Supplementary Fig. 15a,b, widespread data points in AGy.
and AGy,. are observed at the same value of 6;. This spread indi-
cates that 6, alone cannot correlate AGgy. and AGy,. well for SACs.
To consider the redistribution of 6; stemming from the interaction
between metal atom and adsorbate, we add an additional factor to
0, by introducing electronegativity (Supplementary Table 18). It is
known that the electronegativity quantifies the electron affinity of
certain elements when the corresponding covalent bond is formed.
The difference in electronegativity between the metal atom and
attachment atom of adsorbate (O atom for OH* and H atom for H*)
may be strongly related to the redistribution of 8,. Thus, we plot A
Goy- and AGy,. versus 6, X Ey/E, and 0, X E,,/E; in Supplementary
Fig. 15¢,d (Ey, E, and Ey represent the electronegativity of metal
element, oxygen element and hydrogen element, respectively). The
plots show that the modified descriptor can correlate with AGq.
and AG,,. better for SACs in the same coordination environment.
The widespread of AG,;;. and AG,;. among SACs in different coor-
dination environments implies that local environment of the active
centre may impact catalytic reactivity. Actually, this assumption can
be testified to a certain extent by some experimental observations
in combination with DFT calculations. For example, controllable
synthesis of single cobalt atoms can reach superior electrochemical
activity by tuning C/N hybrid coordination precisely, because C/N
hybrid coordination can enhance the electron transfer, which pro-
motes the adsorption and reaction kinetics of the intermediates**'.
So we consider the single TM atom together with its nearest neigh-
bours as the active centre and further modify the descriptor as fol-
lowing:

0=0 XEM+ax(nN><EN+nCXEC) @
‘ Eo/m

where E and E represent the electronegativity of nitrogen and car-
bon elements, ny and n. represent the number of nearest-neighbour
N and C atoms, and «a is the correction coefficient. We compared the
nearest-neighbour atoms in single-TM-atom-pyrrole-N, with those
in other catalytic centres (Fig. 1), pyrrole nitrogen atoms combine
with four carbon atoms to form a ring while the nearest-neighbour
atoms in other catalytic centres combine with five carbon atoms,
which enhances the ability of single-TM-atom-pyrrole-N, to accept
electrons due to a smaller electron source in the graphene sheet.
Thus, a is set to 5/4=1.25 for single-TM-atom-pyrrole-N, while
a=1 for the other catalytic centres.

Valence electrons in the d orbital (6,), electronegativity and the
corresponding descriptor, ¢, of a single-TM-atom with different
coordination environments are listed in Supplementary Tables 19—
22. It is found that the descriptor ¢ can exhibit a linear relationship
when plotted against adsorption energies of AGqy. and AGy,. in Fig.
3a,b. The following linear relationships can be fitted from the data
set through linear regression:

AGoy=0.11Xp—2.48 (5)
AGy-=—0.07Xp+1.27(p <27) (6)
AGy=0.04 X p—1.43 (¢ >27) %

The relationship between ¢ and AG,;. indicates that an increase
in ¢ corresponds to a decrease in binding strength, and this can
be attributed to the electronic structure of active centre bind-
ing with adsorbate. According to the expression of ¢, the higher
value of ¢ means that the single-TM-atom possesses more valence
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electrons of the d orbital after charge redistribution. As shown in
Supplementary Fig. 16, SACs with higher work function (need more
energy to remove an electron) possess more valence electrons in
the metal atom (larger ¢). This result validates our descriptor ¢.
Based on the previously reported d-band centre model®, the rela-
tionship between the adsorption strength of a metal atom and its
d-band electronic structure can be demonstrated by the scheme for
bond formation as illustrated in Supplementary Fig. 17. Namely, the
electronic states of the metal atom interact with that of hydroxyl
when forming OH* on the metal atom. Consequently, their hybrid-
ized energy levels split into two groups. One is the bonding states
that are generally occupied under the Fermi Level, and the other is
the anti-bonding orbital that lies above the Fermi level. A change
in the adsorption strength is due to the anti-bonding states, that
is, a lower d-band centre location (more electrons in the d orbital)
of the active sites makes the anti-bonding states with lower level
and higher occupancy, leading to the weaker interaction between
the adsorbate and catalyst surface, and vice versa. Accordingly, we
also introduce the band centre of the anti-bonding orbital (E, . yona>
equation (36)) for the binding between single-TM-atom and
OH* by calculating the projected density of states (pDOS) for the
d orbital of a single-TM-atom and p orbital of a O atom belonging to
OH* (see Supplementary Figs. 18-21). As shown in Supplementary
Fig. 22, a clear shift of E, ;.4 to low energy level and weakened
binding strength of OH* are seen with the increase of ¢, consistent
with the bond formation analysis above.

As for the relationship between ¢ and AGy,, it shows the same
trend as that between ¢ and AGy,. for ¢ > 27. However, for ¢ <27,
AG;;. becomes a decreasing function of ¢, demonstrating that with
increasing the d-band energy level (less electrons in the d orbital),
the H* adsorption strength decreases, contrary to the observed
trend for ¢>27. This difference can be explained by the fact that
when the value of ¢ is too low, the bonding orbital for the bind-
ing between single-TM-atom and H* is mainly distributed near the
Fermi level rather than located at a deeper level”. With an upward
shifting of d orbitals (less electrons in the d orbital), the bonding
orbital upshifts as well, leading to a decreasing occupancy (receded
H* adsorption strength).

Using the simple descriptor ¢ for which all parameters are intrin-
sic properties of the active centre, we can use it to replace AGqy;. and
AGy;., and derive a volcano relationship for U™ of ORR/OER and
nER versus ¢ in Supplementary Fig. 23. Here, Pt(111) and IrO,(110)
were considered as the benchmark systems (as commercial Pt/C
and IrO, are usually regarded as the reference electrocatalysts in
experiments) to search for optimal SACs supported on graphene in
order to achieve better electrocatalysis performance than Pt(111) or
IrO,(110). As shown in Supplementary Fig. 23a, among all single
TM atoms supported on graphene, only catalysts with ¢ values in
the range 30-32 show the higher U™ for ORR than that of Pt(111).
It is noted that Fe-pyridine-N,, Co-pyridine-N, and Fe-pyrrole-N,
are predicted to be the best catalysts, as demonstrated by many pre-
vious experiments'>*"**. Some other promising candidates, such as
Pt-DV-C,, Tc-pyrrole-N, and Os-pyrrole-N,, also possess compa-
rable ORR catalytic activities to previously reported SACs, and the
predicted SACs with sufficient stability in theory (Supplementary
Table 17) can be readily tested by future experiments. As shown in
Supplementary Fig. 23b, the superior SACs over IrO,(110) for OER
are predicted to have ¢ values in the range 30-35. Previous experi-
ments have shown that the electrocatalysts with Co-pyridine-N, and
Ni-pyridine-N, active centre give better catalytic performance than
the commercial IrO, (refs*“**), and the results of experiments are
fully consistent with our prediction. In addition, we identified sev-
eral other active centres with outstanding OER activity, such as Ni/
Cu/Zn-DV-C,, Cu/Ru/Rh/Ir-pyridine-N, and Co/Ru/Ir-pyrrole-N,,
which satisfy the stability criterion (Supplementary Table 17). It
is expected that these catalysts can be synthesized experimentally.

NATURE CATALYSIS | VOL 1| MAY 2018 | 339-348 | www.nature.com/natcatal

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://www.nature.com/natcatal

NATURE CATALYSIS ARTICLES

a 4
s AGg =0.11 x ¢ — 2.48 (R® = 0.97)
oL
3 oar
5
G Of
< m SV-C,
1t e DV-C,
ol A Pyridine-N,
v Pyrrole-N,
-3 L L L L L
0 10 20 30 40 50 60
[
< 1.1
10F Ni pt Fe
A N i
os .\C*O\L \-L _ _ Ag 1.0
i Mn 7 Felvam ™ oo
00 " Co [ BN - - .

. I ~ —_
< ¥ /. ~ Jos =
g o5 7 Bt
s s 107 &°F
D , W Pyridine-N, (theory) W Pyridine-N, (experiment)

-1.0F A Pyrrole-N, (theory) A Pyrrole-N, (experiment) | 0.6
u @ SV-N, (theory) @ SV-N, (experiment) :
—15} % DV-C,N, (theory) * DV-C,N, (experiment) 0.5
2'%2 N N
¥ SV-C,N, (theory) ¥ SV-C,N, (experiment)
20 L L L L L L 04
10 15 20 25 30 35 40

[

b o5
20 AG,. =-0.07 x ¢ + 1.27 (9 <27, R® = 0.94)
ad AG,. =-0.04 x ¢ —1.43 (9 >27, R* = 0.95)
15 F
3 10r
@i 0.5
< 7 m SV-C,
0.0 e DV-C,
05 | A Pyridine-N,
v Pyrrole-N,
10 \ \ \ \ \ \ \ !
0 10 20 30 40 50 60 70 80
@
d 0.0 0.0
Co# %
/ Pt m 0.1
-0.1 | | RN 1 -0.
7 Co ~
7/
02} A NONi {-02
N / éo @ DV-CN, (theory) B .
2 oal B 7 * SV-C,N, (theory) N1 o3 >
g Mn B Pyridine-N, (theory) g
= A DV-C, (theory) =
—04r @ DV-C;N, (experiment) 1-04
* SV-C,N, (experiment)
05 B Pyridine-N, (experiment) 4-0.5
A DV-C, (experiment)
-0.6 : . . : -0.6
30 35 40 45 50 55
@

Fig. 3 | AGy,., AG,. and electrocatalytic activity as a function of descriptor ¢. a, Adsorption free energy of OH versus the descriptor ¢ for all single TM
atoms supported on graphene. b, Adsorption free energy of H versus the descriptor ¢ for all single TM atoms supported on graphene. ¢, Theoretical and
corresponding experimental onset potentials for ORR versus the descriptor ¢. d, Theoretical and corresponding experimental overpotentials for HER
versus the descriptor ¢. The dashed lines represent the general relationship between the activity of ORR/HER and the descriptor ¢.

Although these active centres have outstanding catalytic activity for
OER, graphene-supported catalysts may suffer from extremely lim-
ited lifetimes due to electrochemical corrosion of the carbon sup-
port under the high electrochemical oxidizing potentials of OER
catalysis, which should be noticed in future experiments. As shown
in Supplementary Fig. 23c, an optimal catalyst with ¢ around 17
or 39 can balance the reaction barriers of the H* reduction and H,
desorption to achieve zero overpotential 7. Other candidates with
catalytic activities comparable to Pt(111) for HER (1=0.09V)
include: (1) Co-pyridine-N,, which has been synthesized experi-
mentally’’, and (2) Cr/Mn/Zn/Pt-SV-C,, Ru/Ta/Ir-DV-C, and Mn/
Fe/Mo/Re-pyrrole-N,, which favour to be embedded into the gra-
phene rather than aggregation (Supplementary Table 17). These
theoretical predictions need future experimental confirmation.
We also examine whether solvation could change the promising
SACs that we identified using the descriptor ¢. The corresponding
adsorption free energies of adsorbates, reaction energy of each ele-
mentary steps, as well as electrocatalytic activity on SACs with sol-
vation corrections are listed in Supplementary Tables 23 and 24. As
shown in Supplementary Table 24, the identified promising SACs
marked with red in Supplementary Tables 13-16 still possess not
only higher USys' than Pt(111), but also lower Uggs" than IrO,(110),
indicating that solvation effects seem to have little influence on the
application of the universal design principle for identifying promis-
ing electrocatalyst candidates presented in this work.

To verify the volcano relationship between ¢ and the activity, we
construct the relationships between ¢ and catalytic activity measured
in linear scan voltammogram (LSV) experiments. We summarize in
Supplementary Table 25 the experimental USRy" and 7™ reported
for single TM atoms supported on graphene. The theoretical results
of corresponding single TM atoms with C/N hybrid coordination are
listed in Supplementary Table 26. Figure 3¢ shows the experimental
UGy (blue dots) and theoretical UKy (red dots) of single TM atoms

NATURE CATALYSIS | VOL 1| MAY 2018 | 339-348 | www.nature.com/natcatal

supported on graphene versus the descriptor ¢. As indicated by the
dashed line, the relative order of catalytic activity from experiment
is consistent with the theoretical prediction. The same volcano rela-
tionships between the 7"t and ¢ for experimental/theoretical results
are also shown in Fig. 3d. Notably, the consistency between experi-
mental data and theoretical predictions supports that the descriptor
¢ is highly correlated with the HER activity of single TM atoms sup-
ported on graphene. To exclude the measurement deviation from
different experiment works, we also compare the ORR theoretical
activity with the catalytic activity measured in the same experiment,
as shown in Supplementary Fig. 24. We can still reproduce the order
of the activity reported in the available experiments. Hence, ¢ is
shown as a universal descriptor for the ORR, OER and HER activity
of single TM atoms supported on graphene materials.

Extension to macrocyclic molecules. The identified descriptor ¢
suggests that the intrinsic properties of the local environment of the
catalytic centre play a key role in the activity of SACs on graphene.
To further confirm the rationality that ¢ can describe intrinsic
effects of the local environment of the active centre on adsorbate
properties and activity, we also investigated ORR, OER and HER
performance on single TM atoms coordinated with macrocyclic
molecules (Fig. 4a-d) with the same coordination environment
as those on graphene (Fig. 1). As shown in Supplementary Tables
27-30 and Fig. 4e.f, the scaling relations that correlate AGgy./AGy;.
with ¢, established above for single TM atoms supported on gra-
phene, are equally suitable for single TM atoms coordinated with
macrocyclic molecules. In addition to the prediction of adsorp-
tion energies of intermediates based on descriptor ¢, Tables 1-3
show that USRR', USEe" and 7R derived from the free-energy dia-
grams of ORR, OER and HER (Supplementary Tables 31 and 32
and Supplementary Figs. 25-27) for single TM atoms coordinated
with macrocyclic molecules have an acceptable absolute difference
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Fig. 4 | Extension of descriptor ¢ to SAC-like metal-macrocycle complexes. a-d, Schematic of SAC-like metal-macrocycle complexes with different
coordination environments, single vacancy with three carbon atoms (SV-C5;-m) (a), double vacancy with four carbon atoms (DV-C,-m) (b), four pyridine
nitrogen atoms (pyridine-N,-m) (¢) and four pyrrole nitrogen atoms (pyrrole-N,-m) (d). e, Scatter of adsorption free energy of OH versus the descriptor

¢ for all single TM atoms supported on macrocyclic molecules. f, Scatter of adsorption free energy of H versus the descriptor ¢ for all single TM atoms
supported on macrocyclic molecules. The black line represents the function in Fig. 3a,b. Mean absolute differences (MAE) between predicted values based

on the black line and calculated values are also given.

Table 1] A list of theoretical onset potentials (eV) for ORR
on single TM atoms supported on graphene and macrocyclic
molecules, and the absolute difference between them.

Table 2 | A list of theoretical onset potentials (eV) for OER
on single TM atoms supported on graphene and macrocyclic
molecules, and the absolute difference between them.

Active centre Macrocyclic Graphene Absolute Active centre Macrocyclic Graphene Absolute
molecule difference molecule difference
Au-SV-C, 0.79 0.81 0.02 Au-SV-C, 1.97 1.82 0.15
Pt-DV-C, 0.70 0.76 0.06 Ni-DV-C, 1.98 1.86 0.12
V-pyridine-N, -1.02 -1.15 0.13 Cu-DV-C, 1.88 1.83 0.05
Mn-pyridine-N,  0.22 0.25 0.03 Zn-DV-C, 158 154 0.04
Fe-pyridine-N, 0.76 0.81 0.05 Cd-DV-C, 1.77 1.81 0.04
Co-pyridine-N, 0.83 0.73 0.10 Co-pyridine-N, 173 1.60 013
Ni-pyridine-N, 0.67 0.63 0.04 Ni-pyridine-N, 152 156 0.04
Ag-pyridine-N, 0.55 0.48 0.07 Cu-pyridine-N, 1.88 1.71 017
Fe-pyrrole-N, 0.71 0.78 0.07 Ru-pyridine-N, 1.83 1.68 0.15
Tc-pyrrole-N, 0.72 0.83 on Rh-pyridine-N, 1.70 1.59 omn
Os-pyrrole-N, 0.74 0.76 0.02 Ag-pyridine-N, 1.87 1.78 0.09
Cr-pyridine-N, 1.72 1.89 017
(less than 0.2eV) compared with those for single TM atoms sup-  Ir-pyridine-N, 1.57 1.61 0.04
ported on graphene, indicating again the applicability of the univer- ¢, 1 eN, 162 154 0.08
sal descriptor ¢ for single TM atoms coordinated with macrocyclic Ru-pyrrole-N . > o
molecules. All these results confirm that the local environment of 4
the active sites, including the isolated metal atom, its nearest neigh-  Ir-pyrrole-N, 1.55 153 0.02
bours and coordination number, is indeed the intrinsic characteris-
tic that dictates the catalytic performance. Note that similar active
Discussion

sites have been observed in many macrocyclic molecular systems or
biomolecules (for example, metal porphyrins, metallophthalocya-
nine and enzymes) which also exhibit superior catalytic activity for
electrochemical reactions'®">.
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The newly identified universal descriptor ¢ exhibits an intrinsic
relationship with intermediate adsorption, and thus with catalytic
activities. Compared with state-of-the-art descriptors such as orbital-
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Table 3 | A list of theoretical overpotentials (eV) for HER on
single TM atoms supported on graphene and macrocyclic
molecules, and the absolute difference between them.

Active centre Macrocyclic Graphene Absolute
molecule difference

Cr-SV-C, -0.14 -0.10 0.04
Mn-SV-C, -0.06 -0.04 0.02
Zn-SV-C, 0.10 0.10 0.00
Pt-SV-C, -0.01 0.06 0.07
Ru-DV-C, -0.04 -0.02 0.02
Ta-DV-C, 0.09 0.06 0.03
Ir-DV-C, -0.09 -0.03 0.06
Co-pyridine-N, 0.14 0.10 0.04
Tc-pyridine-N, 0.01 0.07 0.06
Cr-pyrrole-N, 0.09 0.07 0.02
Mn-pyrrole-N, 0.05 0.01 0.04
Fe-pyrrole-N, 0.12 0.02 0.10
Mo-pyrrole-N, -0.13 -0.03 0.0
Re-pyrrole-N, -0.08 -0.10 0.02

energy theory” and the work function®, ¢ is more directly relevant to
material properties and can be conveniently used to predict the cata-
lytic activity of SACs. This is because all parameters associated with
@, including the coordination number, the electronegativity of metal
atom and its coordination atom, are intrinsic properties of the active
centre. Based on the universal design principle, we can reproduce
the order of the activity of previously reported experimental SACs
on graphene. Moreover, the universal design principle based on the
descriptor ¢ can be used to search for the optimal active centre of
SACs, for example, Fe-pyridine/pyrrole-N, for ORR, Co-pyrrole-N,
for OER and Mn-pyrrole-N, for HER, and to guide experiments to
synthesize SACs with the desired active centre that can outperform
precious-metal-based commercial catalysts (such as Pt/C and IrO,).
More importantly, the universal design principle can offer a correla-
tion between catalytic activity and electronic structure of the local
environment of active sites for SACs supported on both graphene
and macrocyclic molecules, suggesting that macrocyclic molecules
can be used to replace the graphene as a more uniform and structur-
ally precise support for SACs. Indeed, according to the configura-
tion of an identified superior active site, SACs can be synthesized in
the same way as the self-supporting M-N-C molecular catalyst***’
or TM macrocyclic systems**, by which more precise atomic struc-
tures and higher uniformity local coordination environments for the
active centre of SACs can be achieved.

Methods

Computational methods and models. The structural optimizations were
performed by using first-principle calculations within the framework of density
functional theory (DFT), as implemented in the plane wave set Vienna ab

initio Simulation Package (VASP) code’’**. The exchange correlation energy

was modelled by using Perdew-Burke-Ernzerhof (PBE) functional™ within

the generalized gradient approximation (GGA). The projector augmented wave
(PAW) pseudo-potentials™ were used to describe ionic cores. The cutoff energy
of 500 eV was adopted after a series of tests. A Gaussian smearing of 0.05eV to
the orbital occupation is applied during the geometry optimization and for the
total energy computations, whilst a tetrahedron method with Blochl corrections
was employed for the accurate electronic structure calculations. It is generally
recognized that the localized 3d electrons correlation for transition metal in
fourth period can be described by considering on-site coulomb (U) and exchange
(J) interactions, a key element in the DFT + U method. Here we applied DFT + U
through the rotationally invariant approach® with the corresponding U-] values
for different transitions listed in Supplementary Table 33. The convergence
threshold for the iteration in self-consistent field (SCF) was set at 10~*¢eV, and
that for geometry optimizations by BEGS algorithm was set to be 0.02eV A~!
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on maximum force component. The k-point sampling of the Brillouin zone was
obtained using a 6 X7 X 1 grid for the repetitive unit in Fig. 1a-c and 6 x6X 1 grid
for the repetitive unit in Fig. 1d by Monkhorst-Pack scheme. Denser k-points
(12x14x 1 and 12X 12 x 1) were used for the electronic structure calculations.
A large vacuum slab of 15 A was inserted in the z direction for surface isolation
to prevent interaction between two neighbouring surfaces. For commercial
Pt/C and IrO,, we use a p(2 X 2) unit cell of Pt(111) and p(2 X 1) unit cell of
IrO,(110) surface models. The Pt(111) slab has five atom layers and IrO,(110)
has nine atom layers with symmetric terminals. Geometry optimizations for
Pt(111) and IrO,(110) were performed by using the BFGS algorithm with a
5x5x1and 5X9x1 k-mesh, respectively. Top two layers are fully relaxed
during structural optimizations while other layers are fixed at the tested lattice
positions. Spin polarization was considered in all calculations, and the spin
state of each converged configuration is listed in Supplementary Tables 34-37.
The vibrational frequencies of free molecules and adsorbates, which are needed
to determine zero-point energies and vibrational entropies, were calculated by
using the phonon modules in the VASP 5.3 code. We calculate thermodynamic
corrections due to solvent effect (G,,,) by using VASPsol*’, which are shown in
Supplementary Table 38. Because OH* and OOH* can form H-bonds with H,O,
their adsorption free energies decrease by 0.30 eV, indicating that they are more
stable when solvated, consistent with previous theoretical works™.

Reaction mechanism. The ORR, OER and HER pathways on SAC systems were
calculated in detail according to electrochemical framework developed by Nerskov
and his co-workers™. As for ORR, in an alkaline electrolyte (pH=14), H,O rather
than H,;O* may act as the proton donor, so overall reaction scheme of the ORR can
be written as:

0, +2H,0+ 4¢” > 4OH~ )

The ORR may proceed through the following elementary steps, which are usually
employed to investigate the electrocatalysis of the ORR on various materials:

0,(g) +H,0(l) +e”+*— OOH* + OH ™~ )
OOH*+e” - O*+OH™ (10)
O*+H,0(l) +¢”— OH*+OH" (11)
OH*+e¢” —» OH +* (12)

where * stands for an active site on the catalytic surface, (1) and (g) refer to liquid
and gas phases, respectively.

The OER occurring in an alkaline electrolyte (pH = 14) through elementary
steps takes the reverse direction of ORR:

OH™ +*—OH*+e” (13)
OH"+OH - O0"+H,0() +e~ (14)
O*+OH — OOH*+e~ (15)
OOH*+OH™ - 0,(g) +H,0(1) +e™ +* (16)

As for HER, in an acid electrolyte (pH=0), H* can act as the proton donor, so the
overall reaction scheme of the HER can be written as:

H'+e +*=1/2H) = 1/2H,(g) +* (17)

where the * represents the adsorption site.

Reaction free energy calculation. For proton-transfer steps, reaction free energies
are regarded as approximate values of the activation barriers, because detailed
calculations for the transfer of a solvated proton to adsorbed OH~ show the neglect
of overbarriers has been proven as a very good approximation for a situation where
the proton transfer is downhill in energy”. This approximation may result in a
slight overestimation of activity for a given proton-transfer elementary step, but
can still qualitatively represent the right relative energetic ordering of the various
proton-transfer elementary steps. Therefore, we took the reactions in equations
(9)-(16) to derive the thermochemistry for ORR and OER. The RHE model
developed by Nerskov and co-workers****" was used to obtain the Gibbs reaction
free energy of these electrochemical elementary steps. In this model, we set up
RHE as the reference electrode, which allows us to replace chemical potential () of
the proton-electron pair with that of half a hydrogen molecule: yi,y, + p._ = 1/2pty,,
at conditions with U=0V and P,;,=1bar.
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The chemical potential of each adsorbate is defined as:

u=E+E;p;—TXS (18)

where the E is the total energy obtained from DFT calculations, E,; is zero-
point energy and S is the entropy at 298 K. In order to obtain the reaction

free energy of each elementary step of ORR, OER and HER, we calculated the
adsorption free energy of O*, OH*, OOH* and H*. Because it is difficult to
obtain the exact free energy of OOH, O, OH and H radicals in the electrolyte
solution, the adsorption free energy AGoop-» AGo., AGoy. and AGy,., are relative
to the free energy of stoichiometrically appropriate amounts of H,O (g) and H,
(g), defined as follows:

AGy = AG(H,0(g) +%— 0" +H,(g)
= Hor T Hy, "H,o0H
= (Eg'+Ey,~Ey,0—E) (19)
+(Ezpro) + Ezpey —Ezpp1,0)—EzpEce))
~TX (Sr+ Sy~ Si1,0-S5,)

AGgoy = AG(HZO(g)+*—>OH*+1/2H2(g))
= Uop 05 X'”Hz_”HZO_”x»
= (Equ+0.5% Eyy ~Eyy o—E,) (20)

+ (Ezprcon) +0-5X Ezpp1y) —Ezprr1,0)~EzpEr))
—TX (So+0.5% Sy, —Sy,0-5,)

AGgo = AG(2H,0(g) +*—>OOH"+ 3/2H,(g))
= Hoow+ 1.5></4H2—2X;4H20—;4*

= (Boow + 15X Eyy ~2X Ey o—E,)
(21)
+(Ezpeoon) T 1-5X Ezpp1,) =2 X Ezppa,0)

_EZPE(*))
—TX (Spon*+1.5% Sy,—2X Sy 5—S,)

AGy = AG(HY+e +*=H")
= MMy mH_H
= ﬂH*—O.SXﬂHZ—ﬂ*

= (By—0.5xEy ~E,) (22)

+(EZPE(H”)_0‘5 X EZPE(HZ)_EZPE(*))
=TX (S+=0.5%X Sy, =S,)

The schematic configuration of adsorbates (O, OH, OOH, H) on a single
TM atom supported on functional graphite materials with diverse coordination
are shown in Supplementary Fig. 28. The corresponding adsorption energies,
bond lengths and bond vibrational frequencies of adsorbates are summarized in
Supplementary Tables 39-54. The asterisk indicates an adsorption site. Entropy
values of gaseous molecules are taken from the standard tables in Physical
Chemistry®', while the entropies of adsorbate and adsorption sites are negligible.
The zero-point energy for each adsorbate and free molecules can be obtained from
the vibration frequency calculation, while the zero-point energy of adsorption sites
is negligible. All the E,p; and S results are summarized in Supplementary Table 1.

For each elementary step, the Gibbs reaction free energy AG is defined as the
difference between free energies of the initial and final states and is given by
the expression:

AG=AE+AZPE-TAS+AG;+ AGyy (23)

where AE is the reaction energy of reactant and product molecules adsorbed
on catalyst surface, obtained from DFT calculations; AZPE and AS are the
change in zero point energies and entropy due to the reaction. The bias effect
on the free energy of each initial, intermediate and final state involving an
electron in the electrode is taken into account by shifting the energy of the state
by AGy=—neU, where U is the electrode applied potential relative to RHE as
mentioned above, e is the elementary charge transferred and # is the number of
proton-electron pairs transferred. AG,y, is the correction of the H* free energy
and depends on whether the reaction under consideration is a reduction or

an oxidation. AG,;=—k;TIn[H*] = pH X k; TIn10, where k; is the Boltzmann
constant and T 'is the temperature. Hence, the equilibrium potential Uj, for four-
electron transfer ORR at pH = 14 was determined to be 0.402 V versus NHE

or 1.23V versus RHE according to the Nernst equation (E=E°—0.0591pH,
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Ulpiie = Uiy + 0.828 V.=0.402 + 0.828 = 1.23 V), where the reactant and product
are at the same energy level. Given that the high-spin ground state of the oxygen
molecule is poorly described in DFT calculations, the free energy of the O,
molecule was derived according to Go,(g) =2Gy,0(1) —2Gy, +4 % 1.23 (eV). The
free energy of OH~ was derived as Gy = Gyppo (1) — Gy, The free energy for gas
phase water is calculated at 0.035 bars because this is the equilibrium pressure
in contact with liquid water at 298 K. The free energy of gas phase water at these
conditions is equal to the free energy of liquid water.

The reaction free energy of equations (9)-(12) (AG,, AG,, AG;, AG,) for ORR
can be calculated using the following equations:

AG = Hoon FHon-"Hiy0 K Hor He-
= Hoow T Wigyo=Hi) ~Hio~H
=2y o2y, +4X1.23) (24)
= Hoow H15Xpy =2y =4, —492
= AGgoy—4.92

AG, =ty Py ~Hoon—H,_
= Hout (0~ Hy)
“Hoon "He-
= Mot~ 05X by, ~Hoonr (25)
= (g +Hy, =My, 0—H)
(Moo +15 ><;4H2—2 quzo—u»)
= AGo,~AGoon

AGy = oy +Hon_~HorHi,oHe-
= How + Wygo=Hi) =Ho ~HiyoHe_
= MOH*—O.SXﬂHz—/tOA

(26)

= (ugy +05 XMHZ_”HZO_”*)
=gt iy, =Hyg, 0K

= AGoy—AGy,

AGy = oy U Py —H,_
= (ﬂHzo—ﬂH+)+ﬂ*—#0H*—ﬂ_
= ”Hzo_O'SX/‘HZ F U Moy (27)
= —(ugy +05 X pyy, ~Hyy,0~H)
= —AGyy
For ORR, the onset potential is calculated by
Uik = —max{AG,, AG,, AGy, AG,} (28)

The reaction free energy of equations (13)-(16) (AG,, AG,, AG,, AG;) for OER,
which are reverse reactions of equations (9)-(12), can be calculated using the
following equations:

AGy=AG oy (29)
AGy=AGy—AG gy (30)
AG,=AG oop—AGr (31)
AGy=4.92-AG ooy (32)

For OER, the onset potential is calculated by

Ugs' = —min{AGs, AG, AG,, AGg} (33)

The HER performances were evaluated by computing the reaction free energy
(AGy;.) for hydrogen adsorption based on the computational hydrogen electrode
model proposed previously” at 0V versus RHE, that is, the equilibrium potential
of the HER:

AGyye= AEy+ AE,p—TASy (349)
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AE,,. is the hydrogen adsorption energy based on DFT calculation. AE,; is the
zero-point energy difference between the adsorbed state and the gas-phase state
of hydrogen obtained from vibrational frequency calculation. ASy is the entropy
difference due to hydrogen adsorption. Here we have approximated the entropy
changes of hydrogen adsorption as AS,; ~ 1/2(Sy,), where Sy, is the entropy of gas
phase H, at standard conditions (300K, 1 bar). The theoretical overpotential # for
HER, which is determined by AG,;.:

N=—|AGy/e (35)

The definition of the band centre of anti-bonding state (E,,;.one)- For the
calculation of the band centre of the anti-bonding state projected on the sum of
the d orbital of single-TM-atom and p orbital of the O atom belonging to OH*, the
following expression is used:

/;“Ex(&an+4&md5

E +00
[, B +pE)dE

(36)

anti—bond —

where pyand p, are the density of states projected onto single-TM-atom d orbital
and O atom p orbital, respectively. E is the Fermi energy.

The definition of the stability of the SAC. We check for the stability of the
SAC against metal atom aggregation. The descriptor we set for this purpose is
the difference between the adsorption energies of the metal atom (E,,) on the
functional graphene and the bulk cohesive energy (E.,,).

Econ = Epue =" X Efree—atom (37)

Ead = Egraphene +atom_Egraphene_Eﬁee—alom (38)

where 7 is the number of atoms in the bulk. Another descriptor we introduced to
examine the stability of the SAC against the tendency of metal ion being leached
is the adsorption energies of the metal atom (E,;) on the functional graphene. If
E. —E.,<0and E <0, it is expected that SAC embedded into the graphene is
more favourable than either the metal aggregation or the metal being leached, a
theoretical way to confirm a material’s thermodynamic stability.
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